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Abstract
The aim of this study was to examine the effect of swimming speed on leg-to-arm coordination in competitive unilateral arm
amputee front crawl swimmers. Thirteen well-trained swimmers were videotaped underwater during three 25-m front crawl
trials (400 m, 100 m and 50 m pace). The number, duration and timing of leg kicks in relation to arm stroke phases were
identified by video analysis. Within the group, a six-beat kick was predominantly used (n = 10) although some swimmers
used a four-beat (n = 2) or eight-beat kick (n = 1). Swimming speed had no significant effect on the relative duration of arm
stroke and leg kick phases. At all speeds, arm stroke phases were significantly different (P < 0.05) between the affected and
unaffected sides. In contrast, the kicking phases of both legs were not different. Consequently, leg-to-arm coordination was
asymmetrical. The instant when the leg kicks ended on the affected side corresponded with particular positions of the
unaffected arm, but not with the same positions of the affected arm. In conclusion, the ability to dissociate the movements of
the arms from the legs demonstrates that, because of their physical impairment, unilateral arm amputee swimmers
functionally adapt their motor organisation to swim front crawl.
Keywords: sports performance, disability sport, motor control, biomechanics
1. Introduction
To swim front crawl effectively, individuals must
coordinate a number of complex body movements
to maximise propulsion and minimise resistance.
During each stroke cycle, swimmers alternate their
left and right arm actions, maintain horizontal align-
ment while rolling about their longitudinal axis to
either side (to facilitate breathing) and use a varying
number of alternating kicks. Much of the extant
literature on front crawl has focused on the arm
action, while the contribution of the leg kick to per-
formance has received much less attention. This is
not surprising given that the hand and forearm are
seen as the major propelling surfaces responsible for
>85% of the total propulsion in able-bodied front-
crawl swimming (Toussaint & Beek, 1992). The leg
kick, however, serves several important functions.
In front crawl, the leg kick acts to stabilise body
roll (Eaves, 1971; Yanai, 2003), helps to streamline
the body (Chatard, Collomp, Maglischo, &
Maglischo, 1990; Counsilman, 1971; Gourgoulis
et al., 2014), generates propulsion (Bucher, 1975;
Hollander, de Groot, van Ingen Schenau, Kahman,
& Toussaint, 1988; Sanders & Psycharakis, 2009)
and enhances the effectiveness of the arm stroke
(Deschodt, Arsac, & Rouard, 1999; Watkins &
Gordon, 1983). There is agreement that maximal
swimming speed during full stroke front crawl is
reduced by ~10% when swimming with the arms
only (Bucher, 1975; Deschodt et al., 1999;
Gourgoulis et al., 2014; Watkins & Gordon, 1983).
It is likely that the leg kick ensures ongoing propul-
sion during the phases when the arm stroke is non-
propulsive. This would enable a swimmer to travel
further down the pool with each arm stroke com-
pared with swimming with the arms alone (Deschodt
et al., 1999).
For front crawl swimmers with various physical
impairments, the amplitude (vertical displacement),
rate and the number of leg kicks have been examined
(Fulton, Pyne, & Burkett, 2009b, 2011). Findings
from these studies suggest that: (1) a disabled swim-
mer’s self-selected leg kick amplitude is best for
maximising propulsion while minimising resistance
compared with large or small kick amplitudes; and
(2) disabled swimmers use similar kick rates during
full stroke and kicking-only trials. However, as
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Fulton et al. (2011) did not express the swimmers’
kick relative to the arm stroke, it is not possible to say
what was the most common kicking pattern for these
physically impaired swimmers.
The most commonly reported kicking pattern in
able-bodied front crawl consists of three downbeats
and three upbeats of each leg per arm stroke cycle.
This is referred to as a six-beat kick (Sanders &
Psycharakis, 2009; Yanai, 2003). To a lesser extent,
swimmers (Chollet, Chalies, & Chatard, 2000;
Persyn, Daly, Vervaecke, Van Tilborgh, &
Verhetsel, 1983) and triathletes (Hue, Benavente,
& Chollet, 2003; Millet, Chollet, Chalies, &
Chatard, 2002) also use four- or two-beat kicks
when swimming front crawl at different speeds.
The choice of leg kick pattern used by a swimmer
may be dependent on their physical characteristics,
the event distance being swum and the swimmer’s
preferred leg-to-arm coordination pattern learnt dur-
ing training (Persyn et al., 1983).
In able-bodied front crawl, the downbeats of the
kick coincide clearly with particular positions of the
arm in the stroke cycle (Eaves, 1971; Maglischo,
2003; Persyn et al., 1983; Yanai, 2003). With a six-
beat kick, the first downbeat of the left leg coincides
with the start of the right arm’s pull, the first down-
beat of the right leg is executed as the right arm is
swept downwards and the second downbeat of the
left leg occurs as the right arm reaches the mid-point
of its pull (Maglischo, 2003; Yanai, 2003). This is
then repeated on the other side of the body. Such
leg-to-arm coordination suggests that able-bodied
front crawl swimmers synchronise their leg kick
with their arm stroke to enhance performance, rather
than kicking their legs independently of their arm
movements. It seems logical, therefore, that a swim-
mer’s ability to integrate the timing of their leg kick
effectively into the arm stroke cycle is important for
fast swimming, more so than being able to attain a
high speed when just kicking. Furthermore, the abil-
ity of able-bodied swimmers to synchronise their leg
kicks with particular instances in the arm stroke
assists them in maintaining stable inter-arm coordi-
nation during front crawl sprinting (Seifert,
Boulesteix, Carter, & Chollet, 2005).
For competitive front crawl swimmers with a sin-
gle, elbow-level amputation, inter-arm coordination
is asymmetrical and stable over a range of swimming
speeds (Osborough, Payton, & Daly, 2010). The
coordination between the leg kick and arm stroke
of these swimmers at different speeds has not been
investigated. Given the strong inter-limb coupling
that exists in able-bodied front crawl, it seems likely
that the asymmetric nature of an amputee’s inter-
arm coordination might influence his or her inter-leg
coordination. An examination into how unilateral
arm amputees coordinate their leg kick with their
asymmetrical arm stroke is therefore warranted.
With asymmetrical inter-arm coordination, it could
be speculated that single-arm amputees might exhi-
bit: (1) asymmetrical inter-leg coordination that
results in leg-to-arm coordination being the same
on both sides of the body or (2) symmetrical inter-
leg coordination that results in leg-to-arm coordina-
tion being different between the two sides of the
body.
The aim of this study was to examine the effect of
swimming speed on leg-to-arm coordination in com-
petitive unilateral arm amputee front crawl swim-
mers. Since these swimmers do not change their
inter-arm coordination with the increase in swim-
ming speed and if, for these swimmers, their leg
kick is synchronised with their arm stroke, then it
would be expected that changes in swimming speed
would not influence leg-to-arm coordination. The
hypothesis for this study was that leg-to-arm coordi-
nation would not change with an increase in swim-
ming speed and that it would be different between
the two sides of the body.
2. Methods
2.1. Participants
Thirteen (3 males and 10 females) competitive
swimmers (age 16.9 ± 3.1 years; height
1.69 ± 0.09 m; mass 63.6 ± 13.0 kg), whose mean
long course 50 m front crawl personal best time was
32.6 ± 3.1 s, participated in this study. The best
times of the three males would have ranked between
28th and 35th in the world in 2012 for the long
course 50 m front crawl (International Paralympic
Committee, 2013). For the same event, three of the
females would have ranked between 11th and 17th
in the world in 2012, four would have ranked
between 40th and 48th and the remaining three
would have ranked outside the top 50. All partici-
pants were single-arm amputees, at elbow level.
Twelve competed in the International Paralympic
Committee S9 Class for front crawl; one male com-
peted in the S8 Class due to an additional impair-
ment of one of his lower limbs. The Institutional
Ethics Committee approved all the procedures in
the current study and all participants provided either
written informed consent or, in the case of minors,
parental written consent before testing.
2.2. Data collection
After a standardised 600 m warm up, each partici-
pant completed three 25-m front crawl trials at inter-
vals of 3 min. Each trial started with the swimmer in
the water, pushing off from the wall. Participants
swam each trial at a predetermined target pace,
2 C. Osborough et al.
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based on their 400 m, 100 m and 50 m front crawl
personal best times; these being the events held at
the Paralympic Games. Seven of the swimmers per-
formed the trials from 400 m pace to 50 m pace; the
others performed the trials from 50 m pace to 400 m
pace. Two experienced timekeepers manually
recorded all trials. Any trial that was not within ±2%
of the target pace was repeated after a 3 min rest. To
control for the effects of the breathing action on the
swimming stroke, participants did not breathe
through a 10 m test section of the 25 m pool.
Two digital video camcorders (Panasonic
NVDS33), sampling at 50 Hz with a shutter speed
of 1/350 s, were used to film the participants under
the water, from opposite sides of the pool Figure 1.
Each camcorder was enclosed in a waterproof hous-
ing suspended underwater from a trolley that ran
along the side of the pool, parallel to the participants’
swimming direction. The field of view of each cam-
corder was adjusted in such a way that the whole
body of each participant was visible. To scale the
recorded video footage and account for camcorder
movement, a calibration rope, with markers every
metre, was suspended horizontally in the water
directly beneath the participants.
2.3. Data processing
Digital video footage was analysed using SIMI
Motion 7.2 software (SIMI Reality Motion Systems
GmbH, Unterschleißheim, Germany). Three conse-
cutive, non-breathing stroke cycles, for each partici-
pant, were selected for the analysis. A stroke cycle
was defined as the period from water entry of the
hand of the unaffected arm, to the next entry of that
hand. The estimated locations of the glenohumeral
joint centre and elbow joint centre of both the
affected and unaffected arms were manually digitised
at 50 Hz to obtain the angular position of the upper
arms, as a function of time. Upper arm angle was
defined as the angle between the upper arm and a
horizontal reference, established using the water sur-
face. To obtain the vertical displacement of the feet
during the kick, the estimated locations of the ankle
joint centre and the big toe were manually digitised
at 50 Hz. The midpoint of the line intersecting these
two landmarks was used to determine the position of
each foot, as a function of time. Before testing, the
skin overlaying the joint centres was marked with
black pen to help estimate their location.
The intra-tester and inter-tester reliability of the
two-dimensional digitising protocol were established
by performing repeat digitisations of a randomly
selected trial. The coefficient of repeatability (Bland
& Altman, 1986) was obtained for arm angle on the
affected side. This involved calculating the 95% lim-
its of agreement (± 1.96 standard deviations of the
differences) between each data set.
Low intra-tester and inter-tester repeatability coef-
ficients demonstrated that the digitised data were
both reliable and objective. The intra-tester and
inter-tester repeatability coefficients for arm angle
were 1.4° and 1.3°, respectively.
2.4. Definition of variables
In accordance with Hay (1993), Fulton, Pyne, and
Burkett (2009a) and Maglischo (2003), the stroke
cycle of each arm and the kick cycle of each leg
were divided into two phases. Given that the
Figure 1. Plan view of the two-dimensional filming set-up.
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swimmers were missing a hand and forearm, the
elbow was used to establish “arm water entry” and
“arm water exit”. A similar approach has been used
previously (Lee, Sanders, & Payton, 2014;
Osborough et al., 2010).
● Arm Cycle Phase 1: Pull: from where the elbow
joint centre entered the water (0°) to where the
shoulder-to-elbow position vector made an
angle of 155° with the horizontal. This latter
position corresponded to a point where, as a
result of the rolling action of the swimmers’
trunk and the bow wave created by the swim-
mers’ movement through the water, the most-
distal part of the swimmers’ affected arm typi-
cally exited the water.
● Arm Cycle Phase 2: Recovery: from the end of
the Pull (155°) to where the elbow joint centre
re-entered the water (360°).
● Kick Cycle Phase 1: Downbeat: from where the
foot was at its highest point to where it was at its
deepest point in the water.
● Kick Cycle Phase 2: Upbeat: from the end of the
downbeat to where the foot was again at its
highest point. A leg kick cycle was thus defined
as the downbeat and upbeat of a single leg.
The following variables were calculated, as a mean
of three stroke cycles, at each participant’s 400 m,
100 m and 50 m pace: (1) Swimming speed (m·s−1):
forward speed of the participant; (2) Stroke frequency
(Hz): number of arm stroke cycles performed in 1 s;
(3) Kick frequency (Hz): number of leg kick cycles
performed in 1 s; (4) Kick pattern: number of leg
kick cycles per arm stroke cycle; (5) Downbeat time
(%): time taken for each leg to complete the down-
beat, expressed as a percentage of the leg kick cycle
duration; (6) Upbeat time (%): time taken for each
leg to complete the upbeat, expressed as a percen-
tage of the leg kick cycle duration; (7) Pull time (%):
time taken for each arm to complete the pull,
expressed as a percentage of the arm stroke cycle
duration; (8) Recovery time (%): time taken for each
arm to complete the recovery, expressed as a per-
centage of the arm stroke cycle duration; (9) Leg-to-
arm coordination (°): angular position of each upper
arm at the instant when: (a) the first opposite side
leg downbeat (DB1opp) ended; (b) the first same
side leg downbeat (DB1same) ended; (c) the second
opposite side leg downbeat (DB2opp) ended; and
(d) the second same side leg downbeat (DB2same)
ended.
2.5. Statistical analyses
Means and standard deviations were computed for
all measured variables. The Statistical Package for
Social Sciences (SPSS version 17.0; Chicago, IL,
USA) was used for all statistical analyses. Normal
distribution of the data was verified using Shapiro–
Wilk tests. Three univariate general linear modelling
(GLM) tests were used to compare changes in swim-
ming speed, stroke frequency and kick frequency
between paces. Sphericity was assessed by means of
the Mauchley test and adjusted via the Greenhouse–
Geisser procedure. Multiple comparisons were made
with the Bonferroni post hoc test. Four multifactorial
repeated measures GLM tests were used to compare
downbeat time, upbeat time, pull time and recovery
time between paces and between contralateral limbs.
To compare the number of swimmers who used
different kick patterns at the 400 m, 100 m and
50 m paces, a chi-square test was used. For those
who used a six-beat kick, three multifactorial
repeated measures GLM tests were used to compare
leg-to-arm coordination between paces and between
contralateral limbs. Effect sizes (ESs) and 95% con-
fidence intervals (95% CIs) were calculated to estab-
lish the meaningfulness of any differences, whereby
an ES ≥ 0.8 reflected a large effect (Cohen, 1992). In
all comparisons, statistical significance was set at
P < 0.05.
3. Results
Between 400 m and 50 m pace, Table I, swimming
speed significantly increased (from 1.15 ±
0.12 m·s−1 to 1.36 ± 0.14 m·s−1; P < 0.05;
ES = 1.61; 95% CI = 0.10–0.32), as did stroke
frequency (from 0.65 ± 0.08 Hz to 0.82 ± 0.11 Hz;
P < 0.05; ES = 1.77; 95% CI = 0.09–0.25) and kick
frequency (from 1.86 ± 0.31 Hz to 2.38 ± 0.32 Hz;
P < 0.05; ES = 1.65; 95% CI = 0.27–0.78).
Swimming speed had no significant or meaningful
effect on the relative pull and recovery times of the
affected and unaffected arm Table II. Similarly, the
relative durations of the leg kick phases were not
statistically influenced by swimming speed.
At all speeds, the relative duration of the stroke
phases was significantly different between the
affected and unaffected arm Table II. Mean pull
time of the affected arm was significantly longer
(P < 0.05; ES = 1.70; 95% CI = 3.66–10.34) than
that of the unaffected arm. Consequently, the
affected arm’s recovery was significantly shorter
(P < 0.05) than that of the unaffected arm. In con-
trast to the arms, the relative duration of the leg kick
phases was not different between the affected and
unaffected sides.
Within the group, swimmers used different kick
patterns Table III. At 400 m and 100 m pace, nine
swimmers used a six-beat kick, three used a four-
beat kick and one used an eight-beat kick. At 50 m
pace, only one swimmer switched her kick pattern
4 C. Osborough et al.
D
ow
nl
oa
de
d 
by
 [K
U 
Le
uv
en
 U
niv
ers
ity
 L
ibr
ary
] a
t 0
3:2
7 0
9 J
an
ua
ry
 20
15
 
from a four- to a six-beat kick. With the exception of
this swimmer, participants did not change their kick
pattern as their swimming speed increased.
At all swimming speeds, all participants exhibited
asymmetrical leg-to-arm coordination between their
affected and unaffected sides Table III. For those
using a six-beat kick at 100 m pace, Figure 2, the
angular position of the unaffected arm was 12 ± 12°,
41 ± 22° and 94 ± 30° at the end of the first (oppo-
site side), second (same side) and third (opposite
side) downbeat, respectively. In comparison, the
affected arm angle for these swimmers was
−3 ± 16° (P < 0.05; ES = 1.06; 95% CI = 3.55–
26.45), 16 ± 23° (P < 0.05; ES = 1.11; 95%
CI = 6.78–43.22) and 82 ± 45° (P > 0.05) at the
same instances. At 100 m pace, for those using a
four-beat kick, the affected arm angle was 8 ± 13°
and 35 ± 5° at the end of the first (opposite side) and
second (same side) downbeat, respectively, while the
unaffected arm angle was 0 ± 9° and 80 ± 19° at the
end of the first (same side) and second (opposite
side) downbeat. Between-side asymmetry was also
evident for the participant using an eight-beat kick.
Swimming speed did not have a significant effect on
the leg-to-arm coordination of those who used a six-
beat kick.
4. Discussion
The aim of this study was to examine the effect of
swimming speed on leg-to-arm coordination in com-
petitive unilateral arm amputee front crawl swim-
mers. The hypothesis for this study was accepted.
Leg-to-arm coordination did not change with an
increase in swimming speed, and it was different
between the two sides of the body.
As the amputees increased their swimming speed,
their stroke and kick frequencies also increased. The
changes in stroke frequency (0.65–0.82 Hz) were
comparable to those for able-bodied swimmers
(0.60–0.90 Hz; Chollet et al., 2000) and triathletes
(0.60–0.86 Hz; Hue et al., 2003). In this study,
mean kick frequency at 100 m pace was similar
(2.08 vs. 1.95 Hz) to that of two arm amputee
swimmers (one S9 Class; one S8 Class) during a
100 m front crawl time trial (Fulton et al., 2009b).
Although stroke frequency increased with the
increase in swimming speed, the proportion of time
spent in the pull and recovery remained unchanged.
When considering able-bodied front crawl swim-
mers, the proportion of time they spend with their
arm underwater and in recovery also does not
change with the increase in swimming speed
(Chollet et al., 2000; Hue et al., 2003; Millet et al.,
Table I. Mean (± s) swimming speed, stroke frequency and kick frequency for front crawl swimmers at 400 m (84 ± 0.9% of SSmax), 100 m
(94 ± 1.3% of SSmax) and 50 m (SSmax) pace (male: ♂, female: ♀, group mean: G.M.), respectively.
Gender Swimming pace (m)
Swimming speed (m·s−1) Stroke frequency (Hz) Kick frequency (Hz)
M (s) M (s) M (s)
♂ (n = 3) 50 1.47 (0.09) 0.88 (0.07) 2.32 (0.37)
♀ (n = 10) 50 1.33 (0.13) 0.81 (0.12) 2.40 (0.33)
G.M. (n = 13) 50 1.36 (0.14a) 0.82 (0.11a) 2.38 (0.32a)
♂ (n = 3) 100 1.39 (0.07) 0.81 (0.08) 2.14 (0.30)
♀ (n = 10) 100 1.22 (0.13) 0.71 (0.09) 2.07 (0.37)
G.M. (n = 13) 100 1.26 (0.14a) 0.74 (0.09a) 2.08 (0.35a)
♂ (n = 3) 400 1.24 (0.07) 0.70 (0.06) 1.84 (0.25)
♀ (n = 10) 400 1.13 (0.12) 0.64 (0.08) 1.86 (0.33)
G.M. (n = 13) 400 1.15 (0.12a) 0.65 (0.08a) 1.86 (0.31a)
Note: aDifferences between swimming paces were statistically significant (P < 0.05).
Table II. Mean (± s) relative arm stroke and leg kick phase durations on the affected and unaffected sides of the front crawl swimmers at
400 m, 100 m and 50 m pace.
Limb Swimming pace (m)
Pull time (%) Recovery time (%) Downbeat time (%) Upbeat time (%)
M (s) M (s) M (s) M (s)
Affected side 50 68 (5a) 32 (5a) 48 (2) 52 (2)
100 69 (5a) 31 (5a) 45 (5) 55 (10)
400 70 (5a) 30 (5a) 47 (5) 53 (5)
Unaffected side 50 62 (2a) 38 (2a) 47 (3) 53 (3)
100 62 (7a) 38 (7a) 46 (7) 54 (8)
400 63 (3a) 37 (3a) 48 (4) 52 (4)
Note: aFor a given swimming pace, differences between affected and unaffected sides were significant (P < 0.05).
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2002; Seifert, Chollet, & Bardy, 2004). For these
swimmers, on average, 75% of their arm stroke
cycle is spent underwater. In comparison, the arm
amputees in this study spent 69% and 62% of the
stroke cycle pulling with their affected and unaf-
fected arm, respectively. The difference between
the two groups could be accounted for by the way
in which the arm stroke phases were defined. In the
current study, the elbow joint was used to establish
“arm water entry” and “arm water exit”, whereas in
the able-bodied studies, these points in the stroke
cycle were identified using the hand.
At all paces, the relative duration of the pull and
recovery significantly differed between the affected
and unaffected arm of the amputee swimmers. The
pull time of their affected arm was relatively longer
than that of their unaffected arm, while the relative
duration of the amputees’ affected arm recovery was
shorter than that of their unaffected arm. It was
apparent that the amputees held their affected arm
stationary, in a streamlined position, just after it had
entered the water before pulling it downward and
backward. In this position, swimmers executed four
kicks, two kicks or one kick depending on whether
they used an eight-, six- or four-beat kick, respec-
tively. This pause would explain why the pull time of
the affected arm was relatively longer than that of the
unaffected arm.
Among the amputee swimmers, different kick pat-
terns were evident. In the able-bodied front crawl,
six-, four- and two- beat kicks have been reported
(Chollet et al., 2000; Hue et al., 2003; Millet et al.,
2002; Persyn et al., 1983). In this study, a four-, six-
and an unexpected eight-beat kick were observed,
with only one swimmer switching her kick from a
four- to a six-beat kick as the swimming speed
increased. Since an eight-beat kick in front crawl
has not been previously reported, this characteristic
could indicate that the swimmer had adapted her
front crawl technique due to her physical impair-
ment. Alternatively, it could indicate a poorly
learned or incorrect technique. This swimmer was
the slowest in the group and also exhibited the low-
est stroke frequency at each pace. It is likely that she
was restricted to a relatively low stroke frequency, for
a given speed, as a result of choosing to execute the
eight kicks within the arm stroke cycle.
For able-bodied swimmers, the proportion of
those using a six-beat kick significantly increases
with an increase in swimming speed (Chollet et al.,
2000; Hue et al., 2003; Millet et al., 2002). This was
not the case for the amputee swimmers in the pre-
sent study. As most of amputees already used a six-
beat kick at 400 m pace, they were unlikely to
increase the number of kicks they used above this.
Even at low swimming speeds, it is probable that the
single-arm amputees relied heavily on their leg kick
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to compensate for the limited propulsion generated
by their affected arm pull (Lecrivain, Payton,
Slaouti, & Kennedy, 2010).
Most of the unilateral arm amputees in this study
used a six-beat kick. By kicking the left leg down as
the right arm goes down near the start of its pull, and
again as the right arm reaches the mid-point of its
pull, might help these swimmers control the angular
momentum about their long axis (Eaves, 1971;
Yanai, 2003). By repeating this on the opposite
side of the body, most of the amputees in this
study were able to adopt a six-beat kick. For those
who instead used a four- or eight-beat kick, the start
of their unaffected arm pull was synchronised with
the downbeat of the opposite side leg, while the start
of their affected arm pull was synchronised with the
downbeat of the same side leg. However, since body
roll was not examined in the present study, it is not
clear whether using a four-, six- or eight-beat kick is
an effective way for these swimmers to stabilise their
body roll, and warrants further study.
The amputee swimmers exhibited leg-to-arm
coordination that was different between the two
sides of the body as a consequence of asymmetrical
inter-arm coordination and symmetrical inter-leg
coordination. For those who used a six-beat kick at
100 m pace, the end of the first downbeat on the
opposite side to the unaffected arm coincided with
an upper arm angle of 12°. The first downbeat of the
same side leg was executed when the upper arm
angle was at 41° and the second downbeat of the
opposite side leg occurred when the unaffected arm
was at 94°. This leg-to-arm coordination demon-
strates that the unilateral arm amputees timed their
leg kicks to coincide with instances in their unaf-
fected arm stroke that are similar to those in the
arm stroke of able-bodied swimmers (Eaves, 1971;
Maglischo, 2003; Persyn et al., 1983; Yanai, 2003).
In contrast, for the amputees’ affected arm, the end
of the first downbeat on the opposite side occurred
near the start of its pull (upper arm angle of – 3°), as
did the first downbeat of the same side leg (upper
arm angle of 16°). The second downbeat of the
opposite side leg occurred as the unaffected arm
was being brought underneath the shoulder (upper
arm angle of 82°). Using this leg-to-arm coordina-
tion, the amputees executed two leg kicks before
pulling their affected arm through the water. Being
able to dissociate their leg kick from their arm stroke
in this manner demonstrates that, as a consequence
of their physical impairment, unilateral arm amputee
swimmers functionally adapt their motor organisa-
tion to swim front crawl.
With asymmetrical leg-to-arm coordination, the
leg kick might be serving different functions during
the affected arm stroke compared with that of the
Figure 2. Front crawl leg-to-arm coordination, on the unaffected and affected sides of swimmers using a six-beat kick, at 100 m pace.
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unaffected arm. As the amputees’ leg kick clearly
coincided with particular instances during the unaf-
fected arm stroke, these being similar to those
described for able-bodied swimmers, the amputees
may have organised their leg-to-arm coordination to
stabilise their body roll (Yanai, 2003) or enhance the
effectiveness of their pull (Deschodt et al., 1999).
During the affected arm stroke, the amputees exe-
cuted a number of kicks while the affected arm was
held stationary in front of the body as the unaffected
arm was recovered over the water. Since the propul-
sive effect of the arm action was interrupted at this
point in the stroke cycle, it is likely that these leg
kicks ensured ongoing propulsion (Sanders &
Psycharakis, 2009). It could be speculated that the
leg kick supports the generation of propulsion during
the pull of the unaffected arm, but is the primary
source of propulsion during the pull of the affected
arm. Theoretically, it has been demonstrated that
very little, if any, propulsion is generated by the
pull of the affected arm at high swimming speeds
(Lecrivain et al., 2010). Further study, via whole-
body three-dimensional kinematic and kinetic analy-
sis, is needed to verify this speculation.
From a performance perspective, it seems likely
that the six-beat kick was the best of the three kicking
patterns observed. With this pattern, swimmers were
more likely to be able to maintain ongoing propulsion
as they pulled with their affected arm compared with
those who used a four-beat kick. An eight-beat kick
did not appear to be beneficial for performance; a
relatively low stroke frequency was necessary to com-
plete all kicks within the stroke cycle. Given that the
swimming speed had no significant effect on the vari-
ables studied, it is recommended that all unilateral
arm amputee front crawl swimmers should use a six-
beat kick at all paces, up to and including 400 m pace.
This is likely to enhance their propulsive capabilities
and consequently improve their performance.
This is the first research to examine leg-to-arm
coordination in a homogenous group of swimmers
with an asymmetric, physical impairment. Given the
findings, it may be beneficial for other researchers in
the field to use the approach described in this article
to investigate the role played by the legs, in relation
to the arms, for other physical impairment groups.
For example, the study of leg-to-arm coordination in
those swimmers with a single-leg amputation or in
those with Haemiplegia would provide important
insights into how swimmers with physical impair-
ments that affect only one side of the body control
their movement.
5. Conclusion
The results from this study show that increases in
swimming speed corresponded with increases in
stroke frequency and kick frequency. Swimming
speed had no significant effect on the relative dura-
tion of arm stroke and leg kick phases. When sprint-
ing, swimmers predominantly used a six-beat leg
kick although four-beat and eight-beat leg kicks
were also used. At all speeds, arm stroke phases
were significantly different between the affected and
unaffected sides. In contrast, the kicking phases of
both legs were not different. Inter-arm and inter-leg
coordination did not change with an increase in
swimming speed. Swimmers displayed asymmetrical
leg-to-arm coordination between both sides of the
body, as a consequence of asymmetrical inter-arm
coordination and symmetrical inter-leg
coordination.
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